ABSTRACT Workers with long term exposure to mixtures of organic solvents below regulatory limits have been reported to experience mild, but clinically detectable, sensory or sensorimotor polyneuropathies. In conjuction with a cross sectional study of behavioural performance a clinical neurological evaluation was conducted among printers and spray painters to examine dose response r-elations. All 240 subjects completed an occupational history and symptom questionnaire and underwent a clinical neurological examination. On average, subjects had been employed on their current job for six years. Classification of solvent exposure for each subject was based on exposed versus non-exposed job titles and observations during an industrial hygiene walk-through or on the measured concentration of solvents in full shift personal air samples. The average full shift solvent concentration was 302 ppm for printing plant workers and 6-13 ppm for workers at other plants. Isopropanol and hexane were the major constituents. Neurological abnormalities consistent with mild polyneuropathy were found in 16% of subjects; none was clinically significant. Exposed/non-exposed comparisons showed slightly higher frequency of symptoms in the exposed subjects which was not related to solvent level. Subjects categorised as exposed during the walkthrough survey also had poorer vibratory sensation measured at the foot and diminished ankle reflexes. In multiple linear regression models, however, controlling for age, sex, alcohol intake, and examiner, no significant (p < 0,05) relation was found between solvent concentration and poor neurological function except for two point discrimination measured at the foot. This investigation has not provided evidence for dose related adverse neurological effects from exposure to moderately low levels of solvent mixtures for a relatively short duration, although this may be due to the shortness of exposure duration, the type of solvent exposure, or to selection factors.
Impairment of the central and peripheral nervous systems has been documented in workers exposed to high concentrations of hexacarbon solvents and in solvent abusers.' 3 Recent cross sectional epidemiological studies suggest that workers exposed to mixtures of solvents below recommended threshold limit values may have mild but clinically detectable sensory or sensorimotor polyneuropathies. [4] [5] [6] ings have included decreased vibratory sensation in the feet and decreased sensory and motor nerve conduction velocities.46 Quantitative exposure data have not been available to allow dose response Accepted 17 March 1986 relations to be characterised, however. The clinical study reported here was undertaken as part of a comprehensive neurobehavioural evaluation,7 the object of which was to replicate previous cross sectional studies and to examine dose response with quantitative exposure data.
Materials and methods

SELECTION OF STUDY SITES AND SUBJECTS
The selection of study sites and subjects has been described in detail elsewhere.7 In brief, a cross sectional sample of subjects was selected from among hourly workers employed at four different plants (table 1) . Each worker in the study population was A neurological evaluation of workers exposed to mixtures of organic solvents assigned the status of "exposed" or "non-exposed," based on a walk-through inspection of jobs at each plant before the start of the study and on job classifications listed on employee rosters. A sample of exposed subjects was selected from the employee rosters (plants 2, 3, and 4) or from sign up sheets (plant 1) by matching a non-exposed subject's plant, sex, age (± 5 years), and educational level. Whenever possible, subjects who declined to participate or were otherwise unavailable for testing were replaced with other matched subjects.
SYMPTOM QUESTIONNAIRE AND CLINICAL EXAMINATION
Each subject completed a self administered questionnaire of symptoms, a 15 minute clinical neurological screening examination, a battery of psychometric tests, and blood and urine analyses. Each subject was examined either by a board certified neurologist (physician A) or by an occupational health physician (physician B) with training in the same examination protocol; both were blind with respect to the exposure of the subjects. Because [3] [4] [5] . This finding indicates that the exposed/non-exposed classification scheme introduces a considerable degree of misclassification with respect to demonstrable solvent exposures. Further analyses rely primarily on the quantitative solvent measurements. To maintain consistency with previous studies, comparisons of "exposed" and "non-exposed" will also be presented.
In addition to total solvent concentration, other exposure variables were constructed from measurements of airborne solvents and duration of employment. Each of these exposure variables was highly correlated with total solvent concentration and with each other. For analytical purposes, only the A neurological evaluation of workers exposed to mixtures of organic solvents 14 and possibly with alcohol intake, a slight decline in function due to age or alcohol intake may be positively confounded with solvent exposure. Physician B, who examined subjects at plant 4, was associated with increasing solvent levels (r = 036) and older subjects (r = 01 I) due to the higher solvent levels and older ages at plant 4. Proportionately more men were examined by physician B (73%) than by physician A (55%). Each physician, however, examined about the same proportion (50%) of subjects classified as exposed at walk-through.
Mean performance on the semiquantitative tests of neurological function between those classified as exposed and non-exposed on the walk-through survey was compared using two tailed t tests for unpaired data. To estimate the relative risk of an abnormal clinical impression, subjects with equivocal impressions were combined with normal subjects. This Table 3 Correlation between solvent exposure and demographic variables by plantt yielded a conservative estimate of risk in statistical analyses.
One subject with confirmed juvenile onset diabetes was excluded from the statistical analyses of the clinical examination. Five other individuals with recent limb injuries were excluded from the statistical analyses of sensory function and reflexes for the affected limb. Data on strength testing were not included in the statistical analyses because of equipment malfunctions.
The association between the results of the biochemical tests and airborne solvent levels was examined with stepwise forward multiple linear regression analyses. Age, sex, mean daily alcohol intake, plant, cigarette smoking, and solvent exposure on the current job were candidate variables, and were allowed to enter the models at p < 0-10.
Results
CHARACTERISTICS OF SUBJECTS
The demographic characteristics of the study group 18 (n = 240) are presented in table 4 . The subjects were young (mean 35 years), mostly male (66%) and white (90%), high school educated (mean 11th grade), and employed both in their current job (6 years) tMeans between plants overall and in each symptom category significantly different (p < 0-05, ANOVA). 
*Means between exposed and non-exposed significantly different (p < 0 05, 2 sided unpaired t test).
E 40 E (fig 2) . The mean two point discrimination threshold at the foot was significantly greater among the exposed than the non-exposed examined by physician B but, combining over plants and physicians, this increase was not statistically significant (table 9) . Significantly higher mean thresholds for two point discrimination at the index finger were found among exposed subjects examined by physician A but, overall, the difference between exposure groups was not statistically significant ( . (p < 0-002), and former job (p = 0-045). Overall, the mean vibratory threshold at the foot was significantly greater (p = 0008) among the exposed than the non-exposed. This difference was consistently found by both physicians and greater thresholds among the exposed were also observed at each plant. Significant differences between exposure groups were not found for mean vibratory threshold at the index finger (table 9).
Pressure touch sensation
In multivariate models touch pressure thresholds at the foot were significantly related to age (p < 0-001), physician (p < 0-001), and plants 2, 3, and 4 (p < 0-001) (table 7). Touch pressure thresholds at the index finger were significantly associated with age (p = 0003), physician (p = 0-002), plant 2, 3, and 4 (p < 0 05), and medications (p = 0 09).
Significantly higher touch pressure thresholds at the finger and foot were found among the exposed subjects examined by physician A (table 9) . Overall, and at each plant, no significant differences (p < 0-05) were found between exposed (at walk-through) and non-exposed for mean touch pressure thresholds at the foot or index finger ( Overall, significant differences in mean pin pain thresholds were not found between the exposed walkthrough and the non-exposed (table 9).
Muscle stretch reflexes Solvent level was not associated with muscle stretch reflexes (biceps, brachioradialis, quadriceps, and ankle) in multivariate models (table 7) . Ankle reflex significantly diminished with increasing age (p = 0-03). Overall, small, but significantly diminished, ankle reflexes (p = 0-04) were associated with the exposed group at walk-through (table 9) . Diminished reflexes among the exposed subjects examined by physician A accounted for the significant difference.
Overall clinical impression
Abnormal clinical impressions were reported by the examiners in 24% of all subjects (table 10), although the abnormalities were not judged to be of clinical significance. Presumed signs of peripheral neuropathy-diminished pin pain and vibratory sensation, or diminished ankle reflexes-were found in 16% of subjects and accounted for two thirds of the abnormal impressions. The frequency of abnormal impressions was slightly less among the subjects examined by physician A than by physician B. The frequency of decreased pin pain, however, was about seven times greater in the subjects examined by physician B than in those examined by physician A; the finding of diminished ankle reflexes was five times more frequent among the subjects examined by physi- cian A than by physician B. Overall, the increased relative risk (RR 1-4) of presumed signs of peripheral neuropathy (diminished pin pain, vibratory sensation, and -ankle reflex) in the exposed subjects was not significant (table 11) , nor were diminished vibratory sensation and ankle reflex alone (RR = 2-8, p > 0 05) often the earliest signs of peripheral neuropathy. The increase in risk in the exposed was observed in both the subjects examined by physician A (RR-26, p > 0 05) and, by physician B (RR = 1-2, p > 0.05).
Blood and urine analyses All 228 blood samples tested were negative (< 1 ig/ml) for ethyl alcohol. Urine analyses detected one subject with a positive drug screen who also reported taking tranquillisers on the medical questionnaire.
In multivariate models of the biochemical and haematological tests (table 12) decreasing red blood cell count was significantly associated with increasing solvent level. Increasing solvent level was unexpectedly related to decreasing concentrations of SGOT and SGPT and to increasing levels of serum albumin.
Discussion
Mild sensory deficits and a diminished ankle reflex suggestive of a mild polyneuropathy were found in approximately 16% of the study group, but these deficits were not considered to be of clinical significance.
The lack of a dose response relation in this study does not reinforce previous reports of mild sensory and motor deficits amon-g workers exposed to mixtures of organic solvents below recommended limits. As in previous studies, comparisons of solvent exposed and non-exposed groups showed a significant increase in symptoms,6 8 15 16 and diminished vibration sensation46 in the exposed group. Neither number of symptoms nor vibration thresholds were consistently related to solvent level, however. A dose response relation indicating poor discriminatory function was found for two point discrimination in the foot. This finding was not expected, based on clinical experience and previous reports that vibration sensation threshold is likely to be more sensitive to solvent exposure than two point discrimination in the foot.4 -6 The reasons for the increase in the prevalence of abnormal impressions consistent with peripheral polyneuropathy in the exposed group are not readily explained by solvent exposure, nor are they explained by potentially confounding by age or sex (because of frequency matching in the sample design). Mean daily alcohol intake was not controlled in the comparisons of exposed and non-exposed, but alcohol was not strongly or consistently associated with impaired sensory function in multiple linear regression models. Both solvent level and mean daily alcohol intake were independent risk factors for two point discrimination measured at the foot (table 11) .
The increased prevalence of abnormal clinical impressions among the exposed does not appear to be an artifact of, or confounding by, physician effects; the distribution of exposed and non-exposed subjects was approximately 50% for both physicians (table  11 ). An increased risk among the exposed subjects was found by both physicians, although the risk of findings consistent with peripheral neuropathy was greater in the subjects examined by physician A. The physicians also differed in frequency and types of clinical findings ( Exposed Non-exposed Exposed Non-exposed Exposed Non-exposed Exposed Non-exposed (n = 35) (n = 37) (n = 27) (n = 24) (n = 36) (n = 35) (n = 26) (n = 20) 3  8  22  4  3  6  12  25  8  0  4  4  6  3  4  0  8  3  0  0  6  3  0  0  20  11  26  8  14  11  15  25 19 (0-6, 5-8) 3-1(0-7,13-6) 1*2(0-4,4-2) 0-58(0-2,1*9) This finding provides the consensual validity of the tests in general. Sex was an important predicator of the frequency of symptoms. This is consistent with observations that women generally report morbid conditions more frequently than men.'9 20 Several potentially confounding relations including age, sex, alcohol, physician, and plant were identified (table 3) . Positive associations, however, were not found between sensory modalities and solvent level except for two point discrimination in the foot. Because differences in physicians were indicated by linear regression models (table I 1) and stratified analyses (tables 9-11), and increasing solvent level was associated with physician B, multiple linear regression analyses were repeated, restricting observations to subjects examined by physician B. The significant finding of increased two point discrimination thresholds in the foot persisted after restriction. This finding will require confirmation in future studies since chance may also account for it, given the large number of relations investigated.
Of additional concern are selection biases, subject motivation, nature of past exposures, and observer/subject bias.
Non-response and "healthy worker" selection were considered as sources of selection biases. More than one third of the eligible subjects at plants 1 and 4 were non-responders. Because subjects at plant 1 were self selected, more interested or better informed individuals probably participated. Data other than age and sex (which were unrevealing) were not available to investigate whether healthy or exposure related factors influenced self selection. Twenty of the 30 nonresponders at plant 4 were interviewed; 12 did not cite a specific reason for non-participation and five said they were "too busy." These data are insufficient to rule out the possibility of a bias due to non-response.
Cross sectional studies are vulnerable to an underestimation of risk because affected individuals leave the workplace or select themselves out of exposed jobs within the workplace (healthy worker selection). This has been asserted in several neurobehavioural investigations and documented in one study.5 It is not known whether the population in the present study underwent this type of selection. Many of the "texposed" jobs in this study were higher paying, high seniority jobs. Moreover, the small difference between duration of the current job (6 years) and total employment at the plant (7 years) suggests that migration between jobs was not a significant factor.
A further limitation of cross sectional studies is inherent in the study design; subjects were not followed over time and it is not known whether their neurological function deteriorated beyond that attributable to the normal aging process.
It is not likely that quantitative measurements of current solvent levels misrepresented current or past exposures. Also, the plants were relatively new, having been opened in the 1960s and 1970s. Leaded paints were infrequently used; moreover, lead would have contributed to an association of adverse solvent related effects rather than masked it. It is not likely that other neurotoxic exposures were overlooked.
Through the consent procedure subjects were informed that the focus of the study was to examine possible effects of solvents. Compared with exposed subjects non-exposed subjects may have been less motivated, believing that their participation was secondary. The lower response rate in non-exposed (38%) than exposed subjects (50%) suggests that this may have occurred. Symptom reporting and tests of sensory function may also have been vulnerable to bias because the subjective responses of the participants were used to quantitate the measurements.
In conclusion, this investigation has not provided evidence of dose related adverse neurological effects from exposure to moderately low levels of solvent mixtures for a relatively short duration. The concern about the adverse effects of longer term, low level solvent exposure cannot be completely mitigated, how-
